The Arabidopsis MEDEA gene is required in maternal tissues to restrict cell proliferation in embryos. Molecular characterisation indicates that MEDEA encodes a Polycomb-group protein, particularly intriguing as MEDEA's maternal effects may be a consequence of genomic imprinting.
This theory accounts reasonably well for the phenomenon of genomic imprinting, best characterised in mammals but also widespread in flowering plants. Maternally and paternally inherited copies of most genes are expressed identically, but in a few cases genomic imprinting silences the copy inherited from one or other parent. In several cases, genes which are preferentially expressed from the maternal copy tend to inhibit growth of the embryo, whereas those that are expressed from the paternal copy often promote growth, as predicted by the parental conflict theory [2] . The mechanism for defining and maintaining imprinting is incompletely understood, but in mammals it has been correlated with differential methylation of the DNA of maternal and paternal alleles during formation of male and female gametes [2] . A recent study shows that, in the model plant Arabidopsis, the MEDEA (MEA) gene confers maternal effects on embryo growth that may be mediated through imprinting [3] .
Gamete development is different in flowering plants than in animals, as the haploid products of meiosis undergo several mitotic divisions to produce multicellular tissues -the gametophytes -within which the gametes are produced. The embryo develops within the haploid female gametophyte, itself embedded in diploid maternal tissues. Consequently, maternal effects on embryo development can be controlled not only by genes expressed in diploid (sporophytic) tissues but also by those expressed in the haploid female gametophyte.
The female gametophyte forms late in flower development within the female reproductive organs, termed carpels (Figure 1 ). In Arabidopsis, the carpel contains two ovaries, on the walls of which a placenta produces ovules, the precursors of the seeds. One cell in the ovule (the megaspore mother cell) undergoes meiosis to produce four haploid products. Three of these abort, and the remaining cell (the megaspore) undergoes three rounds of mitosis to produce the female gametophyte, containing eight haploid nuclei. Three of these nuclei participate in fertilisation: a single haploid nucleus in the egg cell at one pole of the gametophyte, and two haploid nuclei, which fuse to give a diploid nucleus within the central cell.
When a pollen grain -the male gametophyte -arrives on the stigma at the tip of the carpels, it germinates to produce a pollen tube, which grows through the carpel and into the ovules, where it fertilises the embryo sac. One pollen sperm cell fuses with the egg cell nucleus to give a diploid zygote, which forms the embryo. The other fuses with the central cell nucleus, to give a triploid cell containing one paternal and two maternal genome copies. The triploid cell gives rise to a second zygotic tissue, the endosperm, which is thought to serve a nutritive function, acquiring resources from the surrounding maternal tissues and supplying them to the developing embryo. Although a number of genes have been characterised that act zygotically to control embryogenesis, relatively little is known about genes acting in the female gametophyte. Grossniklaus and colleagues [3] conducted systematic screens for genes that are required and/or expressed in the Arabidopsis female gametophyte, and one of the genes that they identified is MEA.
When mea/+ plants are self-fertilised, 50% of the seeds abort late in development. This 1:1 segregation is characteristic of a mutation that disrupts a gene required in the female gametophyte, because half of the haploid gametophytes should carry the mutant allele, and half the wildtype. A requirement for MEA in the male gametophyte might not be apparent, however, because the amount of pollen arriving on the stigma greatly exceeds that required to fertilise the eggs within the carpels. This was tested by performing reciprocal crosses: when mea/+ plants were crossed as males to wild-type females, seed set was normal and 50% of the progeny carried the mea mutation. Transmission through pollen was thus unaffected, whereas mea/+ females pollinated with wild-type pollen did not transmit the mea mutation to their progeny. A wild-type MEA allele is therefore required in the female gametophyte, and mutant gametophytes cannot be rescued by surrounding mea/+ tissue in the ovule.
Most female gametophytic mutations block some stage in the development of the gametophyte from the megaspore, so that 50% of ovules contain defective gametophytes which can not be fertilised and degenerate without forming seeds. A quite different phenotype is seen in mea/+ ovules, as gametophytes develop and are fertilised normally, but 50% of the seeds collapse late in development as a consequence of defects in the embryo and endosperm. This occurs regardless of the zygotic genotype, as mea gametophytes fertilised with wild-type pollen nevertheless produce seed that aborts. The embryo lethality conferred by mea mutations is therefore a gametophytically controlled maternal effect. Very few such mutations have been identified in Arabidopsis, and unlike mea, most also allow embryos and or endosperm development in the absence of fertilisation [4] .
What, then, are the defects caused by the mea mutation? Mutant embryos undergo early development normally, but from the late globular stage -roughly 60 hours after fertilisation ( Figure 2 ) -they appear larger than wild-type. Morphogenesis proceeds more slowly in mutant than wildtype embryos, however, so that each developmental stage lasts longer. At the time that wild-type embryos are fully differentiated, mea embryos are still at the heart stage, but they are about ten times larger than wild-type heart stage embryos and subsequently degenerate during seed desiccation. Mutant embryos do not display any obvious defects in apical-basal or radial patterning, suggesting that MEA acts globally in the embryo rather than in patterning specific regions. Mutant endosperm shows complementary defects to the embryo -early development is normal, but at around the time that defects in the embryo are first manifest, cellularisation of the endosperm is delayed, and nuclear division appears to be reduced.
MEA therefore acts to reduce cell proliferation in the embryo and to promote proliferation in the endosperm. Embryo and endosperm development are considered interdependent, because other mutations that affect the endosperm can also cause embryo abortion at the heart or torpedo stage, perhaps because the embryo receives inadequate nourishment [4] . The giant size of mea embryos is unusual and therefore suggests that MEA function is primarily required in the embryo, and that the endosperm defects are a secondary consequence. It is difficult, however, to exclude the possibility that MEA acts additionally, or even exclusively, in the endosperm.
If MEA acts in the endosperm, then the maternal lethality of mea mutations could be a result of sensitivity to zygotic gene dosage in the triploid endosperm: mea/mea/+ endosperm, produced when mea female gametophytes are fertilised by wild-type pollen, is mutant, whereas +/+/mea endosperm from the reciprocal cross is normal. To test whether normal endosperm development requires two MEA alleles, Grossniklaus et al. [3] elegantly manipulated gene dosage by crossing mea/+ females to tetraploid males, which produce diploid pollen with two MEA copies. The seed from this cross still showed a 50% abortion rate, indicating that MEA dosage in the endosperm cannot explain the maternal effects of mea mutations. A wild-type MEA allele is therefore necessary in the female gametophyte; as this is haploid, it was unclear whether mea mutations are dominant or recessive. When the mea-1 mutation was introduced into a tetraploid background, however, so that diploid female gametophytes were produced, the results suggested that mea-1/+ gametophytes are wild-type and therefore that mea-1 is a recessive loss-of-function mutation. This implies that the wild-type MEA allele acts either to restrict cell proliferation in embryos or to promote nuclear division in the endosperm.
Further insight into MEA function required molecular characterisation of the gene product. The MEA locus was isolated by transposon tagging, and sequence analysis revealed that MEA encodes a protein similar to the Drosophila protein Enhancer of Zeste, E(Z) [3] . E(Z) is a member of the Polycomb group [5] , a structurally disparate set of proteins that were mostly identified on the basis of a common function in blocking transcription of the homeotic genes that specify segment identity in Drosophila. Characteristically, Polycomb-group proteins are required, not to switch off their targets early in embryogenesis, but rather to ensure that the off state is 'remembered' as cells subsequently divide during embryonic and later development [6] .
The mechanism of action of Polycomb-group proteins is poorly understood but is thought to involve modification of chromatin structure, so that DNA is inaccessible to Stages in Arabidopsis embryogenesis. The first asymmetric division of the zygote produces an apical cell, from which the embryo (green) is mainly derived, and a basal cell (yellow), which gives rise to the suspensor and part of the root. Development of the triploid endosperm (not shown) is initially by nuclear (coenocytic) division; cellularisation commences at the late globular stage, and is complete by the upturned-U stage. As the cotyledons develop and expand, the endosperm is absorbed by the embryo, so that only a single layer persists at seed maturation.
transcriptional activators. Polycomb-group proteins also regulate cell proliferation; for example, e(z) mutants have decondensed chromosomes which fragment during mitosis [7] . Although these effects could be indirect -a consequence of Polycomb-group protein involvement in regulating genes that control mitosis -there is evidence that some members may be directly required as structural components involved in chromosome condensation. Consistent with this view, the E(Z) protein appears to be present diffusely throughout Drosophila polytene chromosomes [8] .
What is the basis for the maternal effects of mea mutations on zygotic development? One possibility is that MEA RNA or protein is expressed gametophytically and deposited in the egg or central cell, later regulating cell division in zygotes. As mutant embryos are normal until the mid-globular stage, MEA may not be required until this stage, implying that its products are long-lived. But the delayed effects of mea mutations could also be explained if mea/+ tissues that surround mutant gametophytes contribute some MEA product. The failure of paternal MEA to rescue mea zygotes suggests MEA is either not expressed zygotically, or else is expressed too late. E(z) and its homologs are also required maternally in flies and nematodes [9-10]; in Drosophila, for example, E(z) RNA and protein are expressed maternally and loaded into the eggs [8] , and a lack of wild-type E(z) product in eggs confers embryo lethality that cannot be rescued by paternal E(z). The E(z) product is also persistent in flies, as wild-type mothers can provide sufficient activity to allow e(z) null homozygotes to survive until late larval or early pupal stages [7] .
Another way to explain the requirement to inherit a MEA allele maternally is through genomic imprinting. Because this usually occurs in the endosperm rather than the embryo in plants [1] , this would require that MEA acts zygotically in the endosperm or maternally in the central cell of the gametophyte. For example, if the MEA gene is imprinted in such a way that only the allele inherited maternally is expressed, then paternal MEA alleles are silent and therefore unable to rescue defective maternal mea alleles. Alternatively, MEA could be required to imprint one or more target genes in female gametophytes, so that expression of maternally and paternally derived alleles differs in zygotes. If MEA silences maternal alleles, then mea zygotes might abort because both maternal and paternal alleles are active. This possibility can be excluded, however, because zygotes with two paternal genomes were shown to be viable. Conversely, MEA could ensure that target genes are specifically expressed from the maternal allele. Failure in maternal imprinting would not be remedied by MEA activity in embryo or endosperm, as imprinting is presumably only reset during formation of gametes. Intriguingly, recent studies in mammals and flies have also hinted at a role for Polycombgroup proteins in establishing an imprinted state [11, 12] .
At present, there are insufficient data to discriminate between these models, because expression of maternal and paternal alleles in zygotes is yet to be distinguished, and the precise spatial distribution of MEA products is unknown. Several mea alleles carry insertions in coding sequences that presumably cause an increase in transcript size, so detection of aberrant-sized MEA transcripts in zygotes derived from wild-type females pollinated by mea/+ males may reveal whether the paternal MEA allele is expressed. The localisation of MEA RNA and protein in the developing seed may give an indication of whether MEA acts in the embryo and/or endosperm.
Regardless of whether MEA activity involves loading of maternal factors in the egg or genomic imprinting, its maternal effect of restricting cell proliferation in embryos is consistent with Haig and Westoby's [1] argument that parent-of-origin-specific differences should evolve so that paternal factors promote embryo growth and maternal ones restrict it. At first glance, it is surprising that such differences should occur in Arabidopsis, which reproduces almost exclusively by self-fertilisation. If all seeds on a plant have the same male parent, there is no paternal benefit attached to alleles that promote growth of an embryo at the expense of its siblings. However, Arabidopsis is recently evolved from cross-pollinated ancestors, so MEA's effects might simply be relics of a more promiscuous past, just as the presence of conspicuous petals and nectaries in its flowers are relics of former attempts to attract insect pollinators.
Genomic imprinting may be less important in Arabidopsis than in open-pollinated species, as manipulation of maternal or paternal gene dosage has less severe effects than, for example, in related Brassica species or in maize [13, 14] . Thus, diploid by tetraploid crosses give viable progeny in Arabidopsis, whereas in maize the endosperm aborts and the embryos do not survive. It will be interesting to compare the role of Polycomb-group proteins in imprinting in maize, which is amenable to genetic analysis, and in which imprinted targets -several alleles of the R locushave been identified [15] . Another outstanding question is, what are the targets of Medea? The Arabidopsis CURLY LEAF gene encodes a Polycomb-group protein similar to Medea and represses the floral homeotic genes AGAMOUS and APETALA3, the functions of which include regulating cell proliferation in flowers [16] . It will be interesting to learn whether these genes are also mis-regulated in mea mutants, or whether MEA has different targets.
